Ferroelectric oxide nanocrystals, in combination with the robust coupling of an electric field with crystal structure symmetry, makes such systems agreeable to field-induced crystal structural transformation. The luminescent properties of rare earth ions are sensitive to the symmetry of the surrounding crystal field. The luminescence tuning of rare earth ions is an important assignment in the research of luminescent materials. However, the current conditional feasibility and reversibility in the exploration of luminescence modification remain major challenges. In this article, the luminescence modulation of rare earth ions has been developed in Yb 3+ /Er 3+ codoped ferroelectrics glass ceramics containing Bi 4 Ti 3 O 12 nanocrystals through an electric field. The inclusion of nanocrystals in the glass matrix greatly enhances the electrical resistance. Both upconversion and near-infrared emissions of rare earth ions are effectively enhanced more than twice via polarization engineering. The electric field regulates the photonic properties of rare earth ions with excellent reversibility and nonvolatility in ferroelectrics. The effective modification by electric field provides a new scheme for optical storage and optoelectronic devices.
Introduction
Oxide ferroelectric materials have comprehensive applications in nonvolatile memories, actuators, and capacitors for optoelectronic applications [1, 2] . Ferroelectric nanocrystalline composites belong to optoelectrical composites where ferroelectric crystals are distributed in the glass matrix. Ferroelectric glass ceramics have been used for optoelectronic devices such as phase shifters and tunable filters. Polarization rotation plays an irreplaceable role in the application of ferroelectric materials. In the displacement type ferroelectric, the position of the lowest energy coordinates shifts with the adjustment of the structure, resulting in the rotation of the electric dipole [3] [4] [5] [6] [7] . The spatial structure of Bi 4 Ti 3 O 12 consists of three perovskite-like units and one fluorite-like unit, which are alternatively stacked in the transverse direction. When the Bi 4 Ti 3 O 12 crystal is polarized in an electric field, the polarization of Bi 4 Ti 3 O 12 mainly proceeds along the a-axis direction, mainly from the movement of cations relative to O ions within the perovskite block. The Bi 4 Ti 3 O 12 single crystal was found to have large spontaneous polarization along the a-axis of 50 μC/ cm 2 and a small polarization along the c-axis of 4 μC/cm 2 . Among the lead-free ferroelectric materials, the polarizability of Bi 3+ ions in Bi 4 Ti 3 O 12 based ferroelectric materials is second only to the Pb 2+ group, which is attributed to the 6s 2 lone pairs [8, 9] . So Bi 4 Ti 3 O 12 ferroelectrics will undergo large and structural distortion through external electric field stimulation [10] [11] [12] . The external electric field drives the nanoscale shift of the active cations within Bi 4 Ti 3 O 12 , which effects the crystal structure. If the rare earth ions are doped into the ferroelectric hosts, tuning the ligand field will be possible to realize the luminescence modulation.
Ferroelectric oxide nanocrystals with rare earth ions have great potential in future optoelectronic devices due to their unique luminescence and inherent electric properties. Rare earth ions doped luminescent material have received great attention because of their practical and potential applications, including bioimaging, photodynamic therapy, noncontact sensing, anti-counterfeiting and colorful display [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . Rare earth ions have unique and excellent optical properties such as low biotoxicity, low photobleaching, long lifetime, high photostability, large anti-Stokes shifts [23] [24] [25] . Modification of the luminescent properties of rare earth ions is important for applications [14, [26] [27] [28] [29] . For instance, Professor Hao's team developed the upconversion luminescence enhancement of the rare earth ions doped barium titanate (BaTiO 3 ) ferroelectric thin film through an electric field [30] . Traditional chemical methods are often employed to modify the luminescent properties of rare earth ions, which tailor the composition of the host and the proportion of dopant ions. However, traditional chemical methods are prone to induce changes in uncontrollable parameters such as crystal defects, uneven composition, etc., which hinders the more precise understanding of luminescence tuning of rare earth ions. It is interesting to find in a host that the luminescent properties of rare earth ions can be modulated in the one sample by external stimuli.
In this paper, Yb 3+ /Er 3+ codoped oxide ferroelectric composites have been synthesized. As Er 3+ ions can emit strong upconversion visible and downconversion near-infrared (NIR) emissions under 980 nm excitation. Yb 3+ ions can efficiently absorb pumping photons under 980 nm excitation and transfer excitation energy to adjacent Er 3+ ions. Based on the sensitivity of rare earth ions luminescence to crystal field inhomogeneities, Yb 3+ /Er 3+ can be employed as luminescent probes to detect the reversible nanoscale bond perturbations of Bi 4 Ti 3 O 12 under an electric field. The flexibility of the ferroelectric lattice, and the strong coupling of the crystal structure and polarization, enables the system to achieve reversible transformation of the electric field-induced structure. nanocrystalline composite through melt quenching and the heat treatment method. First the raw material (all reagents were bought from Aladdin Industrial Corporation, Shanghai, China) was weighed and thoroughly mixed. Then the raw materials were put into an electric muffle furnace at 1500°C for 40 min. The melt was poured onto a preheated stainless-steel plate. In order to remove the residual stress, the sample was transferred to a furnace at 500°C for 5 h. The obtained was cut into the appropriate size for measurement. And then the ferroelectric nanocrystals were formed in the glass matrix after a suitable heat treatment process. The heat-treated samples were optically polished and for the next test measurement. The measurements of the ferroelectric performance were performed using Radiant Precision Premier II technology (Radiant Technologies Inc., NM, USA). The annealed samples were separated into the uniform square (8 × 8 mm). The heat treatments of samples were accomplished in the same muffle furnace and then the samples were polished to the thickness of 0.25 mm. After cautious operation, all samples were optically tested to ensure the uniformity of chemical homogeneities. The visible and NIR emission spectra of the samples had unexceptionable consistency. In the ferroelectric test, the low-freezing-point silver paint of which curing temperature was around 80-100°C was coated evenly in the samples. The samples experienced 100°C for 60 min in the drying oven for the solidification of the sliver paint. Subsequently, the ferroelectric characteristic was recorded and varying electrical fields were applied to the samples. The visible and NIR emission performance was measured with the elevation of the electric field.
The crystallization temperature of the sample was measured using a Netzsch DTA 404 PC (DTA 404PC, NETZSCH, Free State of Bavaria, Germany) with a heating rate of 10°C/min. The X-ray diffraction (XRD) analysis pattern was obtained by using a Bruker D2 Phaser diffractometer (D2 PHASER, Bruker, Karlsruhe, Germany) equipped with Cu-Kα radiation. The Raman spectra of Yb 3+ /Er 3+ codoped Bi 4 Ti 3 O 12 nanocomposite was recorded by using Renishaw inVia Raman microscope spectroscopy (inVia-Reflex, Renishaw, Gloucestershire, UK). The microstructure of the precursor and the Bi 4 Ti 3 O 12 composite was characterized by high-resolution transmission electron microscopy (TEM, Tecnai G2 F20, FEI, Hillsboro, OR, USA). The luminescence spectra of Yb 3+ /Er 3+ in the amples were recorded using a Jobin-Yvon Fluorolog-3 fluorescence spectrophotometer (Fl-3-211, Jobin Yvon, Paris, France) and a 980 nm laser diode. The hysteresis loops were measured on a ferroelectric test system (Radiant Technologies Inc., NM, USA), and the sample under test was immersed in silicone oil to avoid leakage. All measurements were performed at room temperature. treatment. And then the samples were reheated by being treated at 760°C for 6 and 10 h, respectively. The samples based on heat treatment time were labeled as BTO-j (j = 0, 6, 10). The XRD results of BTO-j samples are presented in Figure 1A . As shown in Figure 1A , the XRD pattern of the sample BTO-0 has no diffraction peak, indicating that no crystal phase is in the glass matrix. While some stronger diffraction peaks were presented after an additional heat treatment process. The sample diffraction peaks of BTO-6 and BTO-10 match well with standard card PDF#35-0795. It suggests that treatment sample contained the pure Bi 4 Ti 3 O 12 crystal phase, and the crystal grain diameter in the BTO-10 sample can be calculated using the Scherrer formula to be about 10 nm. It can be extracted from Figure 1A that the diffraction peaks of BTO-6 and BTO-10 are significantly shifted to the right when compared to the standard card. A partial enlargement of the position from 29.3 to 34.2 degrees is shown in Figure 1B 12 shrinks, which can be attributed to the introduction of Yb 3+ /Er 3+ ions into the crystal lattice. As the charge number of Yb 3+ /Er 3+ is the same as that of Bi 3+ , and the cation radius of Yb 3+ (0.0868 nm) and Er 3+ (0.089 nm) is closer to Bi 3+ (0.103 nm) than Ti 4+ (0.0605 nm). Therefore, the result of Figure 2A may originate from the fact that the Yb 3+ /Er 3+ ion preferentially replaces the Bi 3+ ions, causing the disordered lattice. In addition, the shift of BTO-10 is significantly greater than that of BTO-6, which indicates that BTO-10 has more Yb 3+ /Er 3+ in the Bi 4 Ti 3 O 12 unit cell. Figure 2A and B show the HR-TEM image of BTO-10. Figure 2A intuitively demonstrates that the diameter of the nanocrystals in the sample is approximately 10 nm, and around the crystals is an amorphous glass matrix. Figure 2B shows that the interplanar spacing d is 0.276 nm, which is assigned to the (002) crystal plane of the Bi 4 Ti 3 O 12 crystal. The Raman spectra of BEO-0 and BTO-10 are shown in Figure 2C . The transformation in the Raman spectra was apparent after crystallization. By comparing the related cases of BaTiO 3 and PbTiO 3 crystals [31, 32] , the Raman modes at 300, 361, 402, 441, and 823 cm −1 are originated from the stretching or bending vibration of Ti-O. The modes around 538 and 578 cm −1 are attributed to the displacement of the external oxygen atoms of the TiO 6 octahedron. The Raman peaks around 90 cm −1 is considered to be related to the vibration of Bi 3+ ions. In the precursor sample, there is an amorphous matrix without an obvious Raman reflection mode. The lattice vibrations of Bi 4 Ti 3 O 12 crystals appeared after the heat treatment. The XRD Raman results indicate that nanocrystals Bi 4 Ti 3 O 12 are incorporated into the glass matrix. Bi 4 Ti 3 O 12 is a wellknown displacement type ferroelectric. The ferroelectric research results are shown in Figure 2D , which shows that the polarization performance in the BTO-10 sample gradually increases with the elevated electric field. Samples were loaded with pulse voltages of 30, 60, 90, and 120 kV/ cm, recorded as EF-i (i = 0, 30, 60, 90, 120). When the electric field is raised to a critical value, the value of the breakdown electric field is 136 kV/cm. The Bi 4 Ti 3 O 12 structure preserves varying degrees of remnant polarization, insinuating a distortion of the Bi 4 Ti 3 O 12 structure and a decrease in the symmetry of the crystal field. The remanent polarization of the EF-i sample increases with increasing electric field, and the remanent polarization of EF-120 is increased by 13.2 times compared to EF-30. The remanent polarization has a significant retention in the ferroelectrics, which implies that the difference in lattice deformation of EF-i is significant.
Luminescence results for samples with the elevation of electric fields are presented in Figure 3 . As shown in Figure 3A and B, the upconversion luminescence of the Er 3+ ions is remarkably enhanced. The luminescence intensity of the Er 3+ : 2 H 11/2 -4 I 15/2 , 4 S 3/2 -4 I 15/2 and 4 F 9/2 -4 I 15/2 transitions increases by 2.04, 2.05, 2.28 times, respectively. The NIR fluorescence spectra of Er 3+ ion are presented in Figure 3C , it is found that the NIR luminescence at 1.54 μm of Er 3+ : 4 I 13/2 -4 I 15/2 transition is effectively enhanced by 2.66 times. The probability of corresponding energy level transitions increases, which results in a significant modification of the visible and NIR luminescence of Er 3+ ions. The sensitivity of rare earth ions to crystal field symmetry plays a crucial role in electric field modified luminescence. This mechanism is discussed in Figure 3 . Figure 3D shows the energy transition diagram. Yb 3+ has only one excited state level and it has a strong and broad absorption band around 980 nm. There is a perfect resonance between the Yb 3+ : 2 F 5/2 and Er 3+ : 4 I 11/2 energy levels, so there is an effective energy transfer from Yb 3+ to Er 3+ ions. The ground state level Er 3+ : 4 I 15/2 is excited to the Er 3+ : 4 I 11/2 level by the excited state absorption or energy transfer process from the adjacent Yb 3+ ions. Some excited state populations of the Er 3+ : 4 I 11/2 level is non-radiation attenuated and filled to the Er 3+ : 4 I 13/2 levels. The other excited population of the Er 3+ : 4 I 11/2 level absorbs the excitation radiation through the excited state absorption process and transits to the Er 3+ : 4 F 7/2 excited state level. The excited state of the Er 3+ : 4 F 7/2 level has nonradiation attenuation to the 2 H 11/2 and 4 S 3/2 levels in Er 3+ , and then the Er 3+ : 2 The enhancement factors of the upconversion and NIR luminescence in the samples after loading different electric fields are presented in Figure 4A . It is found that the enhancement factors versus the electric field strength show a nearly linear relationship. The structure results with different electric fields are shown in Figure 4B -D. Figure 4B shows the XRD patterns of EF-i samples. XRD peaks have an apparent shift to the right with an increased electric field. The partial enlarged view of Figure 4B is presented in Figure 4C . The diffraction peak of crystal plane (171) shifts to a larger angle. The EF-120 shift reaches 0.12 degrees compared with the EF-0. According to the Bragg equation, the plane spacing d(171) of P-0 and p-200 is calculated to be 2.935 and 2.947 Å, respectively. Therefore, the plane spacing of Bi 4 Ti 3 O 12 is reduced by 0.012 Å after the applied electric field. This phenomenon indicates that the picoscale displacement of the active ions is driven by the electric field. The displacement of the active ions causes the lattice distortion and the crystal field change around the luminescent ions, resulting in enhanced luminescence. In addition, under and after an applied electric field, the domains of the ferroelectric crystallites exhibit orientation polarization. The orientation polarization also implies that the lattice is distorted via the electric field in the ferroelectric domain. The symmetry of crystal field around rare earth ions is modified, which can affect the rare earth ions physical performance, like luminescence. The Raman spectra of the EF-i samples are presented in Figure 4D . The Raman mode at 538 and 578 cm −1 are attributed to the reverse shift of the oxygen atom on the exterior vertices of the TiO 6 octahedron. The mode at 829 cm −1 is attributed to the elastic vibration of the symmetrical T-O bond. The Raman spectra of Bi 4 Ti 3 O 12 show that the sharp peaks at 538, 583, 829 cm −1 shift to the smaller wavenumber, suggesting the enhanced vibration frequency. It is summarized that the shortening of Ti-O bond causes the strengthening of the vibration frequency by the electric field. The phonon energy of the EF-i samples is gradually reduced. In addition, considering the XRD patterns, the picoscale displacement of the cation along the c-axis is driven by a pulsed electric field, and the remanent polarization is retained in the samples. The lower positional symmetry of the doped ions means that the crystal field components are less uniform, which can mix the opposite parity into the 4f configuration level. W NR (0) represents nonradiative relaxation at 0 K. When the phonon energy becomes lower, the nonradiative transition decreases. Therefore, the energy level transition involves more energy, loading to an effective modification of the luminescence.
In order to explain more deeply the potential physical process of electric field enhancing luminescence of rare earth ions, Figure 5 presents a lattice diagram of Er 3+ doped Bi 4 Ti 3 O 12 . In this experiment, a typical bismuth structure ferroelectric Bi 4 Ti 3 O 12 is employed. The crystal structure of Bi 4 Ti 3 O 12 is alternately arranged over two sublayers of perovskite-like and fluorine-like units along the c-axis, with the number of perovskite-like layers n = 3. In the previous measurement, Er 3+ tends to replace Bi 3+ ions. Even in the absence of an applied electric field, Er 3+ is in an asymmetric crystal field ( Figure 5A ). When an electric field is applied to the sample, the active cation of the Bi 4 Ti 3 O 12 crystal undergoes a pico-scale motion along the c-axis, and the anion shifts in the opposite direction of the c-axis, resulting in the c-axis elongation of the crystal lattice and promotes the asymmetry of the Bi 4 Ti 3 O 12 structure ( Figure 5B ). The lower positional symmetry of the rare earth ions means the more uneven the crystal field components are, which can cause the opposite parity to be mixed into the 4f configuration levels and increases the energy levels transition probability of activated ions. Therefore, the active cations and anions are reversely shifted by the electric field, resulting in a greater probability of Er 3+ radiation transition, which may be a possible mode of the enhanced emission of Er 3+ ions. The Judd-Ofelt (J-O) theory can deepen the understanding of this modulation mechanism [30] . The J-O theory is derived from the static crystal field mix opposite the parity states. The spontaneous emission probability of rare earth ions can be deduced. It is used to quantitatively estimate the luminescence parameters of rare earth ions within a certain precision. Referring to the J-O theoretical model, the spontaneous emission probability A ed for energy transfer process between initial J manifold and a final J manifold is:
where n is the refractive index of the sample, h is the Plank constant, e is the electron charge, and λ is the center peak 
The Ω t (t = 2, 4, and 6) is the intensity parameter, independent of J, which depends on the character of the ligand field. It is a reduced matrix element that does not substantially change with the matrix. Ω t is contributed to the change in the crystal field around the rare earth ions, and the larger Ω 2 represents a higher crystal field asymmetry. In this experiment, the large enhancement factors of the 2 Figure 4A . Ω 2 becomes larger due to the lower crystal field symmetry around the Er 3+ ions. It is concluded that the nanoscale displacement of the active ions in the Bi 4 Ti 3 O 12 ferroelectric crystallites occurs after the application of the electric field. The lower crystal field symmetry of the rare earth ions leads to the luminescent modification of the rare earth ions.
Based on these results, it is expected to nonvolatilely modulate the emission of the Yb 3+ /Er 3+ by the electric field induced Bi 4 Ti 3 O 12 nanocrystalline composite reversible structural transforms. Our luminescent modification may have a good potential application prospect. In particular, nonvolatility and reversibility play an important role in potential applications [33, 34] . The nonvolatile and reversible research presented in Figure 6A and B shows the dependence of the visible green and NIR emission intensities on the electric field. The luminescence intensity of the sample has excellent compliance with changes in the electric field strength. It is demonstrated that the luminescent modification has excellent nonvolatility and reversibility by the electric field. The active ions undergo a shift along the c-axis after loading the electric field. The dependence of the luminescence intensity on the loading voltage is shown in Figure 6B and D. After repeated voltage loadings of 9 times, the transitions of 4 S 3/2 -4 I 15/2 and 4 I 13/2 -4 I 15/2 still maintain superb repeatability. As the structural transformation of ferroelectrics is reversible with the electric field, the electric field modifies the luminescence intensity of rare earth ions, which provides a new solution for the development of optical modulators, anti-counterfeiting, and optical memory.
Conclusion
In this work, a novel Yb 3+ /Er 3+ codoped nanocomposite material with ferroelectrics properties has been developed. Through an external electric field, Er 3+ : 2 H 11/2 -4 I 15/2 , 4 S 3/2 -4 I 15/2 , 4 F 9/2 -4 I 15/2 and 4 I 13/2 -4 I 15/2 transitions were effectively enhanced more than twice. The modulation is reversible and nonvolatile in samples with the same composition. The modification method of Yb 3+ /Er 3+ luminescence is different from the conventional routes, such as changing the composition and temperature. The observed phenomenon can be attributed to the picoscale displacement of the crystal field around Er 3+ , leading to the increased radiation transition probability by an electric field. These results will contribute to further investigate the wide applications of luminescent ferroelectric materials, as this work provides an additional solution for the design of optoelectronic functional devices.
